A new technique was developed to identify the botanical origin of propolis, a resin-like material made by bees by mixing saliva and beeswax with plant buds and exudates, using methacrylate for permanent slide preparation.
Propolis is a bee product consisting mostly of beeswax and resin, which is collected by worker bees from plant buds or exudates . A vast scientific literature has described various aspects of propolis, including the diversity of resin sources and the biological activities attributed to propolis extracts and isolated constituents (see Teixeira et al., 2003 Teixeira et al., , 2005 Salatino et al., 2005; Toreti et al., 2013; Freitas et al., 2017; Bankova et al., 2018; Silva et al., 2019) . Maciel et al. (2002) noted that the medicinal properties of propolis (i.e., anti-inflammatory, antioxidant, and antimicrobial properties) have attracted the interest of researchers from varied fields of study (e.g., botany, pharmacology, phytochemistry), whose research has enriched our knowledge of natural medicinal sources.
Because propolis is mainly composed of compounds produced by plants, its chemical profile is derived from the contribution of the different plant species providing the resin (Bankova et al., 2018; Silva et al., 2019) . Several factors influence the botanical composition of propolis, such as climatic conditions of the production area and the phenological variation of the vegetative species (Wink, 1990; Huang et al., 2014; Anjum et al., 2018) . The confirmation that plant tissue fragments may be found in propolis samples allowed researchers to make use of known anatomical features to identify the plant species used in its production, which makes it possible to determine the plant source from which bees gathered exudate or buds (Oliveira and Bastos, 1998; Valcic et al., 1999; Freire, 2000; Montenegro et al., 2000 Montenegro et al., , 2001 Bastos, 2001; Montenegro, 2001) . The conventional methods typically used to identify the plant anatomical features in propolis are based on the procedure presented by Warakomska and Maciejewicz (1992) , with a few modifications. Basically, the propolis sediment is obtained during a series of solvent reactions, filtrations, and centrifugations and spread onto slides for a visual inspection using microscopy. Using these techniques, the observation of the anatomical structures of plant fragments present in the samples was often difficult because the structures frequently overlapped; hence, the development of anatomical procedures aimed at obtaining higher-quality images is necessary for the reliable diagnosis of the constituent plant fragments during propolis analyses.
Methacrylate, usually called historesin, is a useful alternative to conventional embedding media (e.g., histological paraffin). Methacrylate is a transparent synthetic resin embedding medium used for standard staining and sectioning with rotary microtomes. Over the past few decades, methacrylate has been frequently used in anatomical studies of both animal and plant tissues (Meira and Martins, 2003; Jesus Júnior et al., 2015) because of its high infiltration capacity, which enables the very thin sectioning of the desired sample, as well as the possibility of performing histochemical tests on the fixed tissues. The present work aimed to test the efficacy of using methacrylate in the preparation of propolis samples to facilitate the identification of the origin of plant fragments present.
METHODS AND RESULTS
Propolis samples were collected monthly for 12 months (January to December 2001) from three experimental apiaries of an Africanized honey bee (Apis mellifera L.), each of which contained five colonies. The apiaries were located in Minas Gerais, Brazil, in three different municipalities: Itapecerica (20°32′S, 45°13′W), Paula Cândido (20°49′S, 42°54′W), and Virginópolis (18°50′S, 42°43′W). Langstroth-style hives were used, with special brood chambers containing 3-cm lateral slits to stimulate propolis production (see Salatino et al., 2005) . After collection, the propolis samples were individually stored in glass vials at -20°C until required for analysis.
Compound samples (i.e., combined samples collected each month from the same location) were individually prepared from the propolis samples collected from the studied beehives. Each 2-g propolis sample was transferred into a glass vial (total volume of 8 mL) containing 85% ethanol for 2 h. The supernatant was discarded, and the samples were placed on filter paper (InLab type 10, porosity 3 μm; InLab, Diadema, São Paulo, Brazil) to remove the excess solvent before being transferred to another glass vial containing 95% ethanol for 2 h. The supernatant was again discarded, and the samples were dried on filter paper before being transferred to new vials containing a 1 : 1 (v/v) mixture of 95% ethanol and infiltration resin solution. The infiltration resin solution contained 50 mL of liquid basic resin with 0.5 g of an activator powder, prepared according to the manufacturer's instructions (Leica HistoResin; Leica Biosystems, Wetzlar, Germany). Four hours later, the samples were filtered, and the residue retained on the paper was spread in Petri dishes and covered with filter paper (InLab type 10, porosity 3 μm) to remove the 95% ethanol-resin mixture. The resulting residue was submerged overnight in a glass vial containing infiltration resin, after which the sample was again spread on filter paper to dry. A spatula was used to transfer 0.4 g of the residue to the embedding resin solution prepared with a mix of 15 mL of the infiltration resin solution and 1 mL of hardener (Leica Biosystems), prepared according to the manufacturer's instructions. The product was then transferred into the 0.8 × 1.0-cm wells of a plastic mold (HistoMold; Leica Biosystems). Each transfer, during either the ethanol series or the embedding process, was performed under a vacuum in a desiccator to achieve the proper infiltration.
The plastic molds containing the embedded samples were incubated in an oven at 34°C for 4 h, or until the polymerization of the resin was complete. The polymerized resin blocks containing the propolis samples were then removed from the molds, adhered to small wood supports, and stored in closed glass jars with silica until being sectioned.
The propolis sample blocks were sliced using a rotary microtome (Leica RM 2155; Leica Biosystems) with an automatic advance and a glass knife. Section thicknesses of 4, 8, 12, and 16 μm were tested, with the 12-μm thickness providing the best quality for observing the morphological parameters of the plant fragments contained in the propolis samples. The sections were floated on distilled water and collected onto histological slides, as described by Leitão (2018) . The slides containing the sections were dried on a hot plate to promote adhesion. Following O' Brien and McCully (1981) , toluidine blue (pH 4) was used as the staining agent and was applied for an exposure time of 18 min at room temperature (20-23°C). After being dried on vertical supports at room temperature, the samples were mounted onto slides using synthetic resin (Permount; Thermo Fisher Scientific, Waltham, Massachusetts, USA). These slides were stored in wooden boxes as a permanent slide collection. The observational analysis and photographic documentation of the slides were carried out using a light microscope (AX70 TRF; Olympus, Shinjuku, Tokyo, Japan) equipped with a U-Photo photographic system and a digital camera (Spot Insight Color 3.2.0; Diagnostic Instruments Inc., Sterling Heights, Michigan, USA).
The anatomical structures of the methacrylate-embedded samples were compared with those visible on slides made using the procedures described by Warakomska and Maciejewicz (1992) , an extraction method in which slides were prepared with propolis sediment obtained during a series of solvent reactions, filtration, and centrifugations. Both sample sets contained propolis collected at the same time and localities, as detailed above. The methodologies are referred to here as the "methacrylate embedding technique" and the "conventional technique. "
Branches of the plants near the beehives were collected, their taxonomic identities were confirmed, and the specimens were deposited in the Herbarium of the Department of Plant Biology, Federal University of Viçosa, Brazil (see Appendix 1). Plant species growing and collected near the apiaries were used a reference material for the anatomical structure comparisons between the slides prepared using the two methodologies, with a plant anatomy slide collection prepared using a standard technique (Johansen, 1940) .
Comparison of the methacrylate embedding technique and the conventional technique
The methacrylate inclusion technique enabled the detailed analysis of the plant tissues in the propolis samples, with none of the fragment overlap observed in the samples prepared using the conventional method. When the images obtained from both propolis slide collections were compared, marked qualitative differences were noted regarding the clarity of the visualization of the detected plant fragment anatomical structures.
The differences between the two techniques can be demonstrated with Baccharis dracunculifolia DC. (Asteraceae), a common species found in close proximity to the hives, as an example. Fragments of B. dracunculifolia were abundant and predominant in the propolis samples from Itapecerica and Paula Cândido. The majority of the images used here to show the differences between the techniques applied for the propolis analysis depict fragments of B. dracunculifolia. An overview of the anatomical structures observed in the propolis samples from Paula Cândico and embedded either in methacrylate or using the conventional techniques are shown in Figures 1A and 1B . The methacrylate embedding technique enabled the identification of diagnostic internal features specific to B. dracunculifolia, such as resin ducts and their positions relative the vascular bundles, as well as the epidermal appendages (Fig. 1C) . Using the conventional technique (Fig. 1D) , such information was only obtained when the cuts made by the bee mandible in the mesophyll region were visualized, and even in these cases the image definition was poor.
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A comparative analysis between the reference slide collection and the propolis slide collection prepared using the methacrylate technique highlighted the high degree of preservation in the samples collected by the bees. The anatomical structures of the B. dracunculifolia leaves were similar to those of the fragments found in the methacrylate-embedded propolis samples (Fig. 1C) ; for example, uniseriate and biseriate secretory trichomes, tector trichomes, and ducts associated with vascular bundles turned toward the phloem were observed in the propolis. Such characteristics are consistent with previous leaf anatomy studies of B. dracunculifolia (Castro, 1987; Oliveira and Bastos, 1998; Freire, 2000; Bastos, 2001) . The slide collection generated using the conventional technique did not allow the precise comparison of important details such as the mesophyll internal characters (Fig. 1D) because the fragments and structures contained in the slides overlapped, constraining the identification of the plant species. Figures 1 and 2 show the specialized anatomical structures observed in propolis prepared with methacrylate or using the conventional technique. A few structures (e.g., the hydathodes) could be clearly visualized in the methacrylate-embedded samples but could not be easily distinguished in those prepared using the conventional method ( Fig. 2A) . In propolis sediments obtained using the conventional technique, such structures were clearly visualized, although the organization of the vascular bundle was not recognizable (Fig. 2B) . The secretory trichomes of Myrsine umbellata G. Don (Primulaceae) were easily identified in the samples prepared using the methacrylate technique (Fig. 2C) . This led us to search for these structures in the propolis slide collection from Paula Cândido produced using the conventional technique, which ultimately allowed the detection of these fragments in these samples as well ( Fig. 2D ). In the propolis compound sample from Virginópolis, the tissues of plant sources other than B. dracunculifolia could be visualized using both techniques. The trichomes of Vernonia polyanthes (Spreng.) Less. (Asteraceae), tracheids of Gymnospermae, and free tector trichomes of Sida sp. (Malvaceae) were observed using both techniques, but the slides prepared in methacrylate provided clearer images with little to no overlap of the structures. These results highlight the utility of the methacrylate technique for the identification of the plant species contributing to the propolis. Considering the high plant diversity of the Brazilian biomes Martins, 2000, 2002; Silva et al., 2000 Silva et al., , 2003 , this approach could be extremely useful for identifying the botanical composition of propolis from different sources. This knowledge is important because the local flora influences both the diversity and the activities of propolis (Teixeira et al., 2003 Salatino et al., 2005; Toreti et al., 2013; Freitas et al., 2017; Bankova et al., 2018; Silva et al., 2019) .
Advantages of the methacrylate embedding technique
The methacrylate embedding technique enables the clearer visualization of all plant-derived materials present in the propolis samples. The use of this technique reduces the loss of important diagnostic structures and organic components that can occur during the mass filtering and sieving required in the conventional technique (Warakomska and Maciejewicz, 1992; Barth, 1998) . The methacrylate embedding technique also enables the visualization of the amorphous content (resulting from plant resin that is not associated with plant fragments) interspersed among the plant fragments and structures, which is not eliminated during the dehydration process using the ethanol series. This amorphous content likely originates from the leakage resulting from the breakdown of the internal and external plant secretory structures during the fragmentation of the foliar apices by the bees. It is feasible to produce a series of cross sections of a known thickness using this technique, which may be particularly useful for the comparison of anatomical structures because it prevents the overlap of fragments and provides clear images that allow the clear-cut observation of important diagnostic characteristics.
A methacrylate kit (Leica HistoResin) allows for the preparation of around 2000 propolis samples, corresponding to a per-unit cost of approximately US$0.60 per sample, while the conventional technique cost is approximately US$0.50 per sample. The advantages of methacrylate outweigh the small difference in price however; methacrylated propolis is more efficient because the slides have a longer durability (they may last over 50 years) and result in a permanent reference, as registered in the histology library ("Histothèque") of the Muséum National d'Histoire Naturelle in Paris, France (https ://www.mnhn.fr/en/ colle ction s/colle ction-group s/botan y/histo theque-histo logy-library [accessed 4 November 2019]). In contrast, slide collections 
